Objective:Our objective was to elucidate the genomic foundations of HCC.
H
urthle cell cancer (HCC) is comparatively understudied and accounts for 3% to 4% of all thyroid cancers (1) . This cancer develops from Hurthle cells, which are believed to represent a common metaplastic change in thyroid follicular epithelium that has been damaged. Characteristically, they are large cells with hyperchromatic nuclei and an abundant granular cytoplasm containing large numbers of mitochondria (2) . Hurthle cells can form adenomas and carcinomas. Malignancy cannot be diagnosed without the identification of capsular or vascular invasion. Vascular invasion is the hallmark finding of HCC, and it can be classified into a minimally invasive type and a widely invasive type according to the extent of vascular invasion. Clinically, the widely invasive form of HCC is the most important because they can be locally invasive, can metastasize into the lymphatics of the neck, and have a high incidence of distant metastasis to the lung, liver, and bone (3) (4) (5) . Most importantly, they are often refractory to radioactive iodine (6, 7) and also have poor chemosensitivity. As a result, patients with the widely invasive form of HCC have a poor prognosis compared with papillary thyroid carcinoma (PTC) and follicular thyroid carcinoma (FTC) with a recurrence rate of 31% and disease-specific mortality rate of 25% (8, 9) . If patients present with distant metastases, the mortality rate is as high as 80% (9) .
The World Health Organization classification on thyroid malignancies categorizes HCC as an oncocytic variant of follicular carcinoma (10) . This would suggest HCC has similar genetic abnormalities to those of follicular carcinoma. However, a comparative genomic analysis has never been carried out in a comprehensive fashion. Despite some progress, particularly on mutational alterations in mitochondrial DNA, the molecular foundations of HCC are still relatively ill-defined (11) (12) (13) (14) . In addition, HCC is not being studied by The Cancer Genome Atlas project. Because the widely invasive form of HCC has a poor prognosis, a detailed genetic analysis of HCC is important because it will allow the identification of the molecular pathways altered in this cancer and hence identify targets for new treatment. The objective of our study was therefore to carry out a genome-wide analysis of Hurthle cell neoplasms by using mutation genotyping, gene expression profiling, and global copy number analysis to characterize the cytogenetic, transcriptional, and mutational events in different stages of this disease.
Patients and Methods

Patient characteristics and tumor samples
Hurthle cell adenomas (HAs) and carcinomas (HCCs) were obtained from the Memorial Sloan-Kettering Cancer Center tumor bank. Use of all tumors and patient data was approved by the Institutional Review Board. Tumor tissues consisted of high quality fresh-frozen samples. Hematoxylin and eosin slides were made, and a pathologist, specialized in thyroid pathology (R.G.), then confirmed the diagnosis of each tumor. Hurthle cell tumors were defined as tumors composed of Ͼ75% oncocytic cells lacking the nuclear features of PTC. Hurthle cell tumors without capsular or vascular invasion were categorized as adenomas (HAs). Tumors classified as HCC were divided as follows: 1) minimally invasive HCC (HMIN) defined as encapsulated tumor harboring Ͻ4 foci of angio-invasion (foci of vascular invasion that were closely adjacent to one another were counted as separate foci) and lacking both gross invasion as well as vascular invasion of extrathyroid vessels or 2) widely invasive HCC (HWIDE) if the tumor was grossly invasive, had extrathyroid angio-invasion and/or was encapsulated with 4 or more foci of vascular invasion. This categorization is specific to this study and consists of a modification of the HCC stratification used in the current National Cancer Center Network guidelines (15) . Freshfrozen tumor samples from 8 patients with HA, 9 patients with HMIN, and 10 patients with HWIDE were identified. Regions with cancer were marked and then microdissected from 10-m frozen section slides to ensure a consistent tumor cell content of greater than 70%. DNA and RNA were then extracted using the AllPrep DNA/RNA Mini Kit (QIAGEN, Valencia, California), and DNA/RNA quality was verified by spectrophotometry (Nanodrop ND-1000, Wilmington, Delaware). Patient, treatment, and outcome characteristics were recorded for each tumor sample by a retrospective analysis of patient charts (Table 1) .
MassARRAY genotyping of mutations in HA, HMIN, and HWIDE tumors
Characterization of mutations in Hurthle cell tumors
Mass spectrometry-based genotyping assays (Sequenom MassARRAY; Sequenom, San Diego, California) were used to interrogate hot spot point mutations in the most common thyroid oncogenes: BRAF, RET, NRAS, HRAS, KRAS, PIK3CA, MAP2K1, and AKT1 (Supplemental Table 1 , published on The Endocrine Society's Journals Online web site at http://jcem.endojournals.org). HRAS exon 1 mutations were analyzed by Sanger sequencing. These assays are as described by Ricarte Filho et al (16) .
Screening for oncogenic rearrangements
Common oncogenic fusions of RET and NTRK1 as well as PAX8/PPAR␥ and AKAP9-BRAF were also assessed by RT-PCR (Supplemental Table 2 ). We used tumor cDNA as template for quantitative PCR to analyze for unbalanced expression of exons 10 to 11 relative to 12 to 13 of RET, which flank the rearrangement site in intron 11. Samples with RET 10 -11 Ͻ 12-13 expression were then screened for specific RET recombination events using primers bracketing the respective fusion points of RET/PTC1, RET/PTC2, and RET/PTC3. Positive controls were cDNAs from TPC1 cells (that express RET/PTC1), PCCL3 cells expressing RET/PTC2, and a PTC sample expressing RET/PTC3. We screened for PAX8/PPAR␥, AKAP9-BRAF, and NTRK1 fusions by RT-PCR using specific primers as previously described (17, 18) . The primers used for this analysis are shown in Supplemental Table 2 . cDNAs from tumor samples harboring each one of these rearrangements were used as positive controls. GAPDH was used as an internal control.
Comparative genomic hybridization analysis
We used the Agilent 1M array comparative genomic hybridization (CGH) platform for global copy number analysis (www. agilent.com/genomics) according to the manufacturer's instructions. The data were normalized, and then the Cy5 to Cy3 ratio for each probe was expressed as log 2 (Cy5/Cy3). Normalized data were then analyzed using RAE, a computational segmentation framework that adapts parameters to individual tumors, and then identifies statistically significant regions of interest across tumors (19) . Candidate copy number alterations are based on a false discovery rate (FDR) Q-value. Regions with FDR Յ10% were plotted. Analysis and scores were calculated as described (19) . These regions were then compared with known copy number alterations in PTC and FTC from published array CGH data. Clustering analysis of the copy number data was done using GenePattern.
Gene expression profiling
All gene expression analyses were performed with the HG-U133A Plus version 2.0 (Affymetrix, Santa Clara, California) array as described by the manufacturer. The microarray data were quantile-normalized (20) , and the gene expression values were estimated using the robust multi-array average method (21) . Moderated t statistics (22) were used to test whether genes were differentially expressed between the groups of interest. P value Ͻ .001 was considered statistically significant. Genes with P values Ͻ .001 were used for hierarchical clustering analysis. The expression values for each gene were centered and scaled before analysis. Completelink algorithm was used for clustering, and Pearson correlation coefficient was used as the similarity distance.
Comparisons of expression profiles for HA vs HMIN, HA vs HWIDE, and HMIN vs HWIDE were performed (Supplemental Tables 3-5 ) and a hierarchical clustering analysis for genes with P values Ͻ .001 and a fold change differential of ϫ1.8 performed. For the HA vs HWIDE comparison, select genes of significance were internally validated using real-time PCR with the iCycler System (Bio-Rad Instruments, Hercules, California) using SYBR green detection. Primers for each gene were designed using Primer-Blast (www.ncbi.nlm.nih.gov/BLAST/) and are shown in Supplemental Table 6 with optimum annealing temperature. Quantitative RT-PCR analysis was performed using the ⌬⌬Ct method (23) . As a reference gene, the housekeeping gene GADPH was amplified using the primers forward 5Ј-AAGGT-GAAGGTCGGAGTCAA-3Ј and reverse 5Ј-AATGAAGGGGT-CATTGATGG-3Ј and an annealing temperature of 60°C.
Concept module mapping with Oncomine, Gene Set Enrichment Analysis (GSEA), and Ingenuity Pathway Analysis
Concept module mapping was performed as follows. The differential gene expression signature identified from our analysis for HA vs HWIDE, HA vs HMIN, and HMIN vs HWIDE (P value Ͻ .001 and differential fold change of ϫ1.8) was imported into Oncomine (http://www.oncomine.org) to search for associations with molecular concept signatures derived from independent cancer profiling studies. We report statistically significant overlaps of our gene expression signature with the top-ranking gene expression signatures of clinical outcome using percentile cutoffs (10%). Q-value is calculated as previously described (24) . GSEA was performed with GSEA software version 2.0.7 (www.broadinstitute.org/cancer/ software/gsea). We assessed the significance of the gene sets with the following parameters: number of permutations ϭ 1000, and permutation type ϭ phenotype with an FDR Q-value cutoff of 25%. The most differentially expressed genes from statistically significant gene sets were identified with the leading edge subset that consists of genes with the most contribution to the enrichment score of a particular gene set. For Ingenuity Pathway Analysis, the same differential gene expression signature for HA vs HWIDE was imported into IPA (http://ingenuity.com/) and then correlated with genes associated with vascular invasion to search for interacting genes. 
Comparison of transcriptomes of HWIDE, PTC, and FTC tumors
Using GEO (gene expression omnibus: http://www.ncbi. nlm.nih.gov/geo/), expression array profiles for PTC (25) and FTC (26) were obtained and then compared with the transcriptomes for the HWIDE profile. Datasets were identified using the same Affymetrix platform (HG-U133A and 2.0) and are shown in Supplemental Table 7 .
Using published gene expression profiles for normal thyroid tissue, the differential gene expression profiles for PTC, FTC, and HWIDE were compared with normal thyroid. To reduce any potential batch effect, the expression data were first normalized, and then the differential gene expressions identified with Significance Analysis of Microarray (SAM) (27) using MultiExperiment Viewer (MeV) with 100 permutations. The complete lists of genes upregulated and downregulated for PTC, FTC, and HWIDE compared with normal are shown in Supplemental Tables 8, 9, and 10. Differentially expressed genes were used to identify the key pathways.
Immunohistochemistry
The 5-m sections from each tissue block were deparaffinized and subjected to the following procedures. For phospho-AKT, the sections were subjected to a heat-induced epitope retrieval for 30 minutes with citrate buffer (pH 6) and then incubated overnight at 4 C with the phospho-AKT (Ser473)(736E11) monoclonal antibody (catalog item 3787; Cell Signaling Technology, Danvers, Massachusetts) at 1:25 dilution. The procedure was then carried out manually using a rabbit secondary antibody (Vector Laboratories, Burlingame, California) diluted at 1:500 (60 minutes at room temperature) followed by the avidin-biotin complex (ABC) method as a detection system (30 minutes at room temperature) and 3,3Ј-diaminobenzidine (DAB) as a chromogen. For ␤-catenin, ␤-catenin (clone 14) monoclonal antibody (catalog item 760-4242; Cell Marque, Rocklin, California) prediluted was used. The procedure was carried out on the Ventana Discovery XT semiautomated staining system using with CC1-standard pretreatment time (Ventana Medical Systems, Oro Valley, Arizona). The Chromo Map DAB detection system was used (catalog item 760-159; Ventana Medical Systems). Figure 1C shows the genetic alterations identified in the Hurthle cell tumors (n ϭ 27) compared with reported ge- (18, 28 -30) . However, only 3 of 27 tumors (11%) had a RAS mutation, 1 HMIN (NRASQ61R) and 2 HWIDE tumors (NRASQ61R and NRASQ61K) ( Figure  1, A and B) , and there were no Pax8-PPAR␥ rearrangements. Mutations in PI3KCA and PTEN, which occur in 10% to 30% and 10% of FTCs, respectively, were also not detected.
Results
Somatic mutations in Hurthle tumors identified by Sequenom-based genotyping and gene rearrangement analysis
Global copy number diversity in Hurthle tumors
Regions of chromosomal gain and loss are shown in Supplemental Table 11 (a more detailed list is shown in Supplemental Table 12 and Supplemental Gene Tables  1-6 ). This table also lists genes and microRNAs for each significant chromosomal region. Genomic regions showing amplification were chromosomes 4p16, 5p15- inant (subtype 3), tumors where deletions were predominant (subtype 1), and tumors with a mix of focal chromosomal alterations (subtype 2). Four widely invasive tumors were subtype 3, 5 were subtype 2, and 1 was subtype 1. The 3 tumors that were clinically more aggressive with distant metastases were of subtype 2. We analyzed all 22 chromosomes to determine whether individual chromosomal gains/losses could differentiate HA, HMIN, and HWIDE. The differential pattern for all chromosomes closely resembled the clustering pattern observed for all 22 autosomes. We were unable to identify any pattern of chromosomal gains/losses that could specifically differentiate HA from HMIN and from HWIDE.
Transcriptomes of Hurthle cell tumors reveal differentially active pathways
Principal component analysis using the Partek Genomics Suite (http://www.partek.com/software) was carried out to determine the similarity of HA, HMIN, and HWIDE tumors ( Figure 4A ). The HMIN tumors as a group were very similar to the HA tumors. In contrast, the HWIDE tumors clustered away from the HA and HMIN groups, although there were 3 tumors similar to the HMIN group. This indicated that the HWIDE tumors were quite different in their transcriptional profiles from each other and from both HA and HMIN.
Unsupervised hierarchical clustering ( Figure 4B ) also showed that the 3 groups of tumors clustered separately from each other with some differences between the HA and HMIN tumors but a more marked difference between HWIDE and the other 2 groups. Supplemental Table 13 shows the number of differentially expressed genes between HA, HMIN, and HWIDE tumors. The complete list of differentially expressed genes with a P value Ͻ .001 for HA vs HMIN, HA vs HWIDE, and HMIN vs HWIDE are shown in Supplemental Tables 3-5 . Because the greatest number of gene expression differences were in the HA vs HWIDE comparison (henceforth called the HWIDE signature), we focused further analysis on this dataset. This comparison showed 403 gene expression differences; 324 genes were underexpressed in the HWIDE tumors and 79 genes overexpressed compared with the HA tumors. Select genes were validated by RT-PCR. Genes selected for validation were PFKFB2, CTNNB1, PRO1073, SULT131, MALAT1, ITCH, RHOU, TXN, ZNF567, SHB, AYTL1, and GATA6. Primers and PCR conditions used for RT-PCR validation are shown in Supplemental Table 6 and Supplemental Figures 2 and 3 .
Genetic programs involving vascular invasion and ␤-catenin in Hurthle cell tumor subsets
Concept module mapping of the HWIDE signature using Oncomine showed that there were several strongly significant gene sets that were enriched (Supplemental Table 14 ). The top program was a CTNNB1 (␤-catenin)-driven signature resulting from expression of ␤-catenin (31) (Q-value ϭ 1.5 ϫ 10 Ϫ23 ) ( Figure 5 and Supplemental Table 15 ). This implicates ␤-catenin in HCC oncogenesis.
To determine the molecular context of ␤-catenin pathway enrichment, we made use of Ingenuity Pathway Analysis. Analysis of genes involved in vascular invasion with the HWIDE signature showed that ␤-catenin is intimately involved in processes regulating vascular invasion. Supplemental Figure 4 , A and B, shows the results from this analysis. Another concept highlighted from Oncomine analysis was the temsirolimus-sensitive signature (31) (genes relating to temsirolimus sensitivity), which had 60 overlapping genes with a significant Q-value of 1.2 ϫ 10
Ϫ8
. Temsirolimus is a mammalian target of rapamycin (mTOR) inhibitor and recent phase I studies at our institute have shown patients with distant metastases from widely invasive HCC responded to this drug (unpublished data). The gene set was also analyzed using GSEA and the top datasets with significant overlapping genes are shown in Supplemental Table 16 . There is also significant overlap with genes upregulated in HepaRG cells (liver cancer) expressing active forms of mTOR (23-gene overlap; P ϭ 5.08 ϫ 10
Ϫ6
). This again was evidence that mTOR may be important in HCC pathogenesis. Significant overlap with genes downregulated in poorly differentiated thyroid cancer (31-gene overlap; P ϭ 1.6 ϫ 10
Ϫ7
) and genes downregulated in anaplastic thyroid cancer (18-gene overlap; P ϭ 3.4 ϫ 10
Ϫ4
) were also found. Concept analysis of the HMIN gene signature (HMIN vs HA) using Oncomine (Supplemental Table 17a ) and GSEA (Supplemental Table 17b ) showed different concepts compared with the HWIDE signature. This provides some evidence that the progression of HCC from HA to HMIN and HWIDE may not be a stepwise progression model. In contrast, concept analysis of HWIDE vs HMIN showed similar concepts to the HWIDE vs HA differential expression set (Supplemental Table 18 , a and b). Additional concepts of interest identified included sorafenib, torcetrapib, pazopanib, and foratinib sensitivity signatures.
Comparison of transcriptomes of HWIDE, PTC, and FTC tumors
Principal component analysis ( Figure 6A ) and hierarchical clustering ( Figure 6 , B and C) showed the transcriptome for PTC and FTC was very different from that of HWIDE. 
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Distinct clusters were observed consisting of HCC, PTC, or FCC, but not groups with mixed histology. This provides further evidence that HWIDE tumors have a very different molecular profile from that of PTC and FTC. Differentially expressed genes for PTC, FTC, and HWIDE compared with normal thyroid were used to identify the key pathways in each tumor. The principal pathways enriched in PTC, FTC, and HWIDE are shown in Supplemental Tables 19, 20 , and 21 and Supplemental Figure 5 . Comparison of these tumor groups showed activity of fundamentally different biological processes. Interestingly, HCCs possess strong phosphoinositide 3-kinase (PI3K)/Akt signaling and Wnt/␤-catenin signatures.
Discussion
The objective of our study was to dissect the mutational, cytogenetic, and gene expression changes that are present in both benign and malignant Hurthle cell tumors and compare these alterations to the other more common thyroid malignancies such as PTC and FTC.
In PTC, the predominant genetic alterations are activating mutations of the BRAF gene encoding the B type Raf kinase (32) occurring in 40% to 49% of patients with classical PTC (33) . In our analysis of 27 Hurthle cell tumors, we identified no BRAF mutations. The second most common genetic alteration in PTC are chromosomal RET rearrangements occurring in 20% to 30% of PTCs. At least 15 different RET hybrid oncogene variants have been described (RET/PTC 1-12, 1L, 3r2, and 3r3). The variants RET/PTC1 and RET/PTC3 frequently occur in conventional PTC and postradiation PTC, the others are more rare. Of note is the fact that BRAF mutations and RET/ PTC rearrangements are mutually exclusive (32, 34) . In our study, we found no RET/PTC rearrangements.
In follicular adenoma and carcinoma, one of the most frequent genetic mutations is RAS mutation, which activates the RAS-RAF-MEK pathway. This has been reported to occur in 45% of follicular tumors, whereas it is relatively rare (10%) in PTC. The World Health Organization classification of thyroid malignancy currently classifies Hurthle cell tumors as an oncocytic variant of follicular adenoma and carcinoma (10) , and therefore we may expect RAS mutations to occur in Hurthle cell tumors with a similar frequency. However, in our study, only 3 of 27 tumors had a RAS mutation. Talini et al (35) have also reported that H-, K-, and NRAS mutations were uncommon in Hurthle cell tumors. Other mutations that have been reported to occur in follicular carcinoma are PIK3CA (10%-30%); these were also not detected in our Hurthle tumors. PPAR␥ rearrangements, reported to occur in 25% to 60% of follicular cancers, were also not detected in our Hurthle cell tumors. Therefore, our targeted mutational analysis, focusing on the most important mutations occurring in thyroid carcinogenesis, suggests Hurthle cell tumors are a different class of thyroid malignancy at the genetic level. However, our mutational analysis using the Sequenom platform may have some limitations because we focused only on the most important mutations reported to occur in thyroid carcinogenesis. It is therefore possible other mutations may have been missed using this technique.
We then investigated the global copy number alterations that occur in Hurthle cell tumors. Figure 2 shows a summary of common regions of gain and loss in PTC (36, 37) , FTC (38, 39) , and HCC. The patterns of chromosomal aberrations in HCC were quite different from that observed in PTC and FTC. From our data, the most striking feature was large regions of gain on chromosomes 5, 7, 12, and 17. Chromosomal instability could explain the CGH findings in our tumors. Clustering analysis of the copy number data revealed 3 main groups of Hurthle tumors; these were tumors where large regions of amplification were predominant (subtype 3), tumors where deletions were predominant (subtype 1), and tumors with a mix of focal chromosomal alterations (subtype 2). This suggests that these groups have distinct molecular etiologies and could be consistent with a model in which Hurthle Figure 5 . Correlation of HWIDE signature with select gene sets in Oncomine database. The significant gene overlap is represented by Ϫlog of the P value. CTNNB1 transfection, outlined in red, has the most significant P value with a Ϫlog P value of 27.7. The complete concept datasets are shown in Supplemental tumors develop either into HMIN or HWIDE in a de novo fashion rather than through a stepwise progression model where all HWIDEs develop from preexisting HMINs. This finding may have particular clinical significance because it suggests that a progression from minimal to widely invasive phenotype is not a primary manifestation of this malignancy. However, due to the small number of tumors involved in our study, we cannot completely discount that a progression model may still exist.
To determine whether there were any similarities between HWIDE and PTC and FTC at the transcriptome level, principal component analysis and hierarchical clustering was carried out using expression data for PTC and FTC from GEO. This showed no correlation between HWIDE and PTC or FTC. However, these data should be interpreted with caution because the invasiveness of the PTC and FTC tumors used in the comparison are not known (T stage, vascular invasion, or extrathyroid extension). Therefore, the 3 tumor types may not be matched and thus the differences we observed may not be due to differences in histology. Using normal thyroid tissue as a control, the differential gene expression profiles and resultant pathway analysis showed that HWIDE tumors were quite different from PTC and FTC. This again was further confirmatory evidence that could suggest that HCC is a unique thyroid malignancy. We have therefore shown by targeted analysis of mutations, global copy number analysis, and expression profiling that HCC is different from the other common types of thyroid cancer.
Our data provide us with some ideas on possible mechanisms for HCC development. In thyroid carcinogenesis, the 2 main signaling pathways are the RAS-RAF-MEK and the PI3K-AkT-mTOR pathways. The large amplification on chromosomes 7 and 12 could potentially activate the RAS-RAF-MEK pathway by amplification of the BRAF gene located on chromosome 7 or amplification of KRAS located on chromosome 12. In our dataset, amplification of BRAF and KRAS was observed in 12 and 10 tumors, respectively. Amplification of BRAF, rather than activating mutations, has been reported as a potential mechanism of activation by Ciampo et al (40) . Amplification of BRAF has also recently been reported as a mech- anism of resistance to melanomas sensitive to BRAF inhibitor therapy (41) . Amplification of chromosome 10, which harbors the RET gene, was amplified in 10 tumors, and this could also be a mechanism for activation of the RAS-RAF-MEK pathway. The large amplifications seen on chromosomes 5, 7, 12, and 17 could also potentially activate the PI3K-AkT-mTOR pathway by amplification of PIK3CG (chromosome 7- Figure 6 ). In the PI3K-AkT-mTOR pathway, 5 of 8 tumors with amplification of RICTOR, 4 of 8 tumors with amplification of GOLPH3, and 4 of 10 tumors with amplification of MDM2 had high mRNA expression. Not all tumors with copy number gain on the affected chromosomes had increases in expression, suggesting that copy number is one of many qualities that can affect gene expression. This relationship between overexpression and broad areas of amplification has been well documented in the literature. Alternatively, some of the increases in expression may be small and not particularly well represented via microarray.
The expression data analysis also highlights the importance of the PI3K-AkT-mTOR pathway. Concept analysis of the HWIDE gene signature using Oncomine and GSEA showed a very significant overlap with the mTOR pathway as well as with a temsirolimus-sensitive signature (genes relating to temsirolimus sensitivity). Ingenuity Pathway Analysis of the differential gene expression profile for HWIDE tumors to normal thyroid tissue also showed that the PI3K-AkT-mTOR pathway was highly active. This would be consistent with the copy number alterations on CGH. We have further assessed the PI3K-AkT-mTOR pathway using immunohistochemistry to assess expression of phospho-AKT for tumors that had amplification of genes RICTOR, AKT2, or GOLPH3 (Supplemental Figure 7) . Of 6 tumors assessed, all had overexpression of phospho-AKT. Thus, activation of the mTOR pathway would appear to be a potential mechanism in HCC development. Oncomine also showed significant overlap with a bortezomib-sensitive signature (Q ϭ 6.9 ϫ 10
Ϫ11
) and topetecan-sensitive signature (Q ϭ 7.9 ϫ 10 Ϫ13 ). ␤-Catenin may also be important because we saw a significant overlap with the gene expression profile from ␤-catenin-transfected human epithelial mammary cell line (31) . Mutation of the ␤-catenin gene in thyroid cancer has been reported in anaplastic thyroid cancer (60%) and also in poorly differentiated thyroid cancer (25%) (43) . Further evidence for the potential importance of ␤-catenin came from Ingenuity Pathway Analysis comparing HWIDE gene signature with genes involved in vascular invasion, a hallmark of widely invasive cancer. ␤-Catenin is well known to play a role in vascular invasion (44) . This suggests that ␤-catenin may play a central role in regulating the differences in vascular phenotype that is the hallmark of HWIDE tumors, providing a molecular rationale for a pathological hallmark of HCCs.
In conclusion, our data provide evidence that HCC may be a unique thyroid cancer distinct from PTC and FTC. Our study comprises one of the most comprehensive integrated analyses to date of this relatively rare type of thyroid cancer. Clearly, further detailed analysis of the PI3K-AkT-mTOR and Wnt/␤-catenin pathways in HCC development are warranted to identify possible therapeutic targets.
